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Abstract 

In Australia, acid sulfate soils (ASS) are widespread in both coastal and inland settings where they pose 

environmental hazards from acidification and metal mobilisation. In this study, three saturated soil-sediment 

profiles from distinct positions in a disturbed tidal ASS landscape were hydrogeochemically characterised. 

The soil profile geochemical data and surface water chemistry were compared in order to find evidence of 

metal, metalloid and trace element mobilisation. The results showed that concentrations of Cu, Ni, Pb, Zn, S, 

Al, Mg and Fe were elevated in the near-surface, oxidised layers of sulfuric materials of the ASS profile and 

were marginally elevated within nearby hyposulfidic material in circum-neutral stream sediments. Metals 

and metalloids, including Ni, Zn, Al and Fe, were leached to pore waters in sulfuric materials from which a 

range of salt efflorescences had precipitated. Acidic drain waters also contained elevated Al, Fe and other 

major cations and anions, but did not contain detectible concentrations of trace elements. Nearby circum-

neutral stream waters only contained elevated concentrations of Fe. Leaching of trace metals was greatest at 

the surface of exposed sulfuric materials where salt efflorescences had formed. Covering sulfuric materials 

with mulch, soil or water could reduce metal mobilization by limiting salt precipitation at the surface. 
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Introduction 

This study focussed on soil geochemical and hydrogeochemical data to find evidence of sources and 

pathways of metals, metalloids and trace elements in a coastal acid sulfate soil landscape located at Gillman, 

South Australia (Figure 1). Tidal influences were cut off from the Gillman area in 1954 when a bund wall 

was constructed to reclaim the area for agricultural and industrial purposes, causing sulfidic sediments to 

oxidise. Three soil-sediment profiles located at different positions along a toposequence were studied (Figure 2). 

The traverse covered former supra-tidal soils containing sulfuric materials and former tidal soils in which 

monosulfidic materials had developed. Vertical profiles of trace elements, focussing on toxic elements, were 

compared for soils, pore waters and load limits in surface waters of nearby streams and drains. 

 
Figure 1.  Barker Inlet, originally a tidal estuary, is located 20 km north of Adelaide, South Australia. This figure 

depicts the pre-European environment, overlain by a network of tidal barriers that were since installed. 

Toposequence ‘A’ (Figure 2) is located at Gillman where inter-tidal mangrove woodlands and supra-tidal 

samphire salt marsh were reclaimed for agriculture and industry in the 1950s. The land was soon abandoned 

due to severe acidification, salinity and storm-water ponding (from Fitzpatrick et al. 2008, Thomas 2010). 
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Methods 

Soil chemistry was determined from selected layers in soil-sediment profiles BG 15 and BG P 5 (Figure 2). 

Total major and trace element analyses were determined on the < 2mm fraction of 11 bulk soil samples using 

X-ray fluorescence spectroscopy (XRF). Soil pore waters were collected using peepers; multi (35) 

chambered dialysis samplers, which have semi-permeable membranes that separate receiver solution from 

sediment and soil solution (e.g. van Oploo et al. 2008). Peepers were installed in saturated soil-sediments in 

February 2003 and left to equilibrate for 8 weeks. Water samples were analysed for major anions and cations 

and selected trace elements by ICP-OES. Mineralogy was determined by powder x-ray diffraction (XRD). 

 

 
Figure 2. Schematic cross-section showing localities of soil-sediment profiles and peepers (P1, P2 and P3) along 

toposequence A’-A. The drain was excavated in August 2002 and was not open to the stormwater ponding basin. 

 

Results 

Soils 

Metal concentrations (Cu, Ni, Pb and Zn) were elevated at the surface of soil-sediment profile BG 15 and 

marginally elevated at the surface of profile BG P 5 (Table 1). The source of metals was likely anthropogenic 

(e.g. Fitzpatrick et al. 2008, Thomas 2010). The soil pH (1:5) of profile BG 15 decreased with depth to a 

minimum pH of 2.3 at 110 cm, just above the summer water table. Below this depth soil pH gradually 

increased to pH 4.2 at the base of the profile. Soil EC was highest just above the water table, between 65 and 

110 cm depth, at the level where salt efflorescences had accumulated on the drain wall (Figure 3). The soil 

pH and EC of subaqueous profile BG P 5 were relatively consistent with increasing depth (Table 1). Profile 

BG 15 comprised sulfuric materials and hypersulfidic materials (Fitzpatrick et al. 2008; Sullivan et al. 2009; 

Thomas, 2010). Sulfuric materials occurring between 30 cm and 120 cm depth contained significant acidity, 

in the form of titratable actual acidity (TAA) and retained acidity. Potential sulfidic acidity was highest 

between 95 cm and 120 cm, with chromium reducible sulfur (SCR) concentrations up to 6.88 %, adding to a 

positive net acidity of 5000 mol H
+
/t (Figure 3). 

 

Subaqueous profile BG P 5 did not contain sulfuric materials. However, it did contain hyposulfidic materials 

(Sullivan et al. 2009): it did not experience a drop in pH by at least 0.5 unit to 4 or less after incubation, and 

monosulfidic materials. Occurrence of sulfidic materials was greatest between 0 cm and 5 cm with an acid 

volatile sulfur content of 1.15 % (AVS) and a reduced inorganic sulfur content of 0.95 % SCR. The acid 

neutralising capacity (ANC) of most soil layers was not sufficient to neutralise the potential acidity, resulting 

in a positive net acidity (Figure 4). 

 
Table 1. Selected soil chemical properties for soil-sediment samples from profiles BG 15 and BG P 5. 
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Figure 3. (a) – schematic cross section of the drain showing position of peeper P1 within the drain wall and 

peeper P2 in the bottom of the drain. (b) – down profile (to scaled with (a)) ASS characteristics (TAA, retained 

acidity, SCR% and net acidity) for profile BG 15. (c) – salt efflorescences on the surface around peeper P1. 

 

 
Figure 4. (a) – photo showing iron floc in surface water of the storm water ponding basin and disturbed 

monosulfidic material that formed at the sediment surface. (b) – acid sulfate soil characteristics (AVS, SCR%, 

ANC and net acidity) of profile BG P 5. (c) – peeper P3 removed from the pond (profile BG P 5). 

 

Pore waters and surface waters 

Soil pore water chemistry collected by peeper P1, located in the oxic-acidic drain wall at profile BG 15 

showed considerable variation in pH and EC as well as anions, cations and trace element concentrations from 

the surface to a depth of 35 cm (Figure 5). Most anion, cation and trace element concentrations were highest 

near the surface and decreased with depth, with Ca and Sr showing the opposite trend. Metals (Zn, Ni, Fe, 

and Al) were particularly elevated near the surface, where salt efflorescence occurred. 

 
Figure 5. Down profile pore water chemistry collected by peeper P1, located within the drain wall. 
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Soil pore water chemistry collected by peeper P2, located in the oxic-acidic drain sediment, showed a trend 

for pH and EC similar to peeper P1, however the concentration of most trace elements fell below detection 

limits (Table 2). Calcium increased with depth below the water/sediment interface in P2. Drain surface water 

concentrations were generally higher than in P2 pore waters (Table 2). Soil pore water chemistry collected 

by peeper P3, located in the reducing-circum-neutral bottom sediment of the stormwater pond showed an 

increasing trend for pH and EC and major cations and anions with depth. Concentrations were considerably 

lower than in the oxic-acidic environments, with most trace elements being below detection limits (Table 2). 

Surface water concentrations were generally higher than in P3 pore waters, particularly Fe (Table 2). 

 
Table 2.  Maximum, minimum and mean values for selected pore water and surface water chemistry. 

 
 

Salt efflorescences and iron oxyhydroxide minerals 

Salt crusts formed on the exposed pit face by the wicking and evaporation of soil solution containing Na
+
, Cl

-
 

and SO4
2-
. White “fluffy” salt crust consisting of halite, gypsum and pentahydrite (MgSO4.5H2O) occurred 

where soil pH, clay and carbonate content was higher, in the upper 30 cm of drain wall. Some goethite 

(FeOOH), occurred between 5 and 30 cm as yellowish orange mottles. Lower in the profile (between 30-

75cm) a thicker (5-10 mm thick) creamy white to yellow crust formed on acidic quartz sands and was 

dominated by halite, gypsum and starkeyite (MgSO4.4H2O). Thick agglomerations (5-30 mm thick) of 

yellowish green salts comprising tamarugite [NaAl(SO4)2.6H2O], sideronatrite [Na2Fe(SO4)2(OH).3H2O], 

jarosite and pentahydrite (MgSO4.5H2O) formed where TAA, retained acidity and potential sulfidic acidity 

was greatest (Figure 3). These largely soluble salts dissolve during rain events and contribute to acidity and 

metal content in drainage waters. The salt minerals are indicators of subsurface biogeochemical soil-water 

processes (e.g. pH, Eh, EC and parent mineralogy) operating in this landscape (e.g. Fitzpatrick et al. 1997). 

 

Conclusion 

Sulfuric acid that has been produced in profile BG 15 should remain in the soil profile due to the low 

hydraulic gradient of the area, unless this is altered by drains or pumping. Open drains allow soluble sulfate-

containing minerals that are a store of Na, Ca, Mg, Cl, Sr and SO4 and metals (e.g., Al, Fe, Zn, Ni) to 

precipitate in oxic-acidic conditions and may present an environmental hazard to connected water bodies 

following rainfall. The salts (containing Fe and S) may also contribute to the formation of the monosulfidic 

materials in water bodies lower in the landscape where soil conditions are reducing and circumneutral. 
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